We tested the hypothesis that the intracellular Ca2+ overload of ventricular myocardium during the period of posthypoxic reoxygenation is mediated by transsarcolemmal Ca2+ influx via Na+/Ca2+ exchange. In aequorin-loaded, ferret right ventricular papillary muscles, blockers of the sarcolemmal and the sarcoplasmic reticulum Ca2+ channels, slowed the Cai2+ transient, producing a convex ascent during membrane depolarization, followed by a concave descent during repolarization. The magnitude of the Cai2+ transient was affected by changes in the membrane potential, Nai+, Nao+, and Cao2+, and was blocked by Ni2+, or dichlorbenzamil. The calculated Na+/Ca2+ exchange current was in the reverse mode (Ca2+ influx) during the ascending phase of the Cai2+ transient, and was abruptly switched to the forward mode (Ca2+ efflux) at repolarization, matching the time course of the Cai2+ transient. During hypoxic superfusion, the Cai2+ transient was abbreviated, which was associated with a shorter action potential duration. In contrast, immediately after reoxygenation, the Cai2+ transient increased to a level greater than that of the control, even though the action potential remained abbreviated. This is the first demonstration on a beatto-beat basis that, during reoxygenation, Ca2+ influx via Na+/Ca2+ exchange is augmented and transports a significant amount of Ca2+ into the ventricular myocardial cell. The activation of the exchanger at the time of reoxygenation appears to be mediated by Nai+ accumulation, which occurs during […] 
min, the elevated level of Ca?' further increased during the reperfusion period (5, 6) , and was associated with delayed afterdepolarizations and arrhythmogenicity (5, 7) . These findings suggested that (a) the cellular mechanisms responsible for Ca?' accumulation during reperfusion are qualitatively different from those in acute ischemia and, (b) the duration of the preceding ischemia is a crucial factor which determines the level of Ca?' loading when the tissue is reperfused. The Na+/ Ca2+ exchange mechanism may be responsible for the Cai2 loading during reperfusion (8, 9) or reoxygenation (10, I 1). However, there is no concrete evidence to support this hypothesis because of the difficulty of demonstrating the functional state ofthis exchanger in actively contracting preparations. Using aequorin-loaded, isolated myocardium from the ferret ventricle, we demonstrated that the Ca?' transient, under experimental conditions where it is governed primarily by transsarcolemmal Ca2+ influx via Na+/Ca2' exchange, increased when the preparation was reoxygenated after hypoxia. This increase appears to be caused by time-dependent Nat accumulation during hypoxia. Our results suggest that reperfusion injury could be minimized by interventions that prevent intracellular Na+ (Nat) loading during ischemia.
Methods
Muscle preparation. Right ventricular papillary muscles (< 0.7 mm in external diameter) were isolated from 6-8-wk-old male ferrets and mounted as described previously ( 12) . In the tissue bath, each muscle was electrically stimulated to contract isometrically at 0.20 Hz; 30.0±0.2°C. The superfusate was a bicarbonate-buffered physiological salt solution with the following composition (in mM): 118 NaCl, 4.7 KCl, 1 (1) .
Subsequently, Ca2+ concentrations and temperature were increased in a stepwise fashion, and finally, the superfusate was replaced with the control solution. As reported previously, the loading procedure did not affect the pattern oftension traces either in amplitude or in time course in these muscles ( 1, 5) .
Signal acquisition and analysis. The (12, 14, 15) . With this combination of drugs, Ca2" release from the sarcoplasmic reticulum (SR), which predominantly regulates the Ca?' transient in normal ferret myocardium, and the transsarcolemmal Ca2" influx via the Ca2" channels are inhibited (16, 17) . In contrast, with increases in Na+ influx, Ca", and action potential duration, the Ca2" influx through the reverse mode of the Na+/Ca2' exchanger should be enhanced ( 16, 17) . Under these pharmacological interventions, the preparation continued to contract with punctate electrical stimulation at the base (square wave pulse with I ms duration; amplitude 10% above the threshold). In the presence of TTX (Sigma Chemical Co.), NiCI2 -6H20 (Wako Pure Chemical Industries, Ltd., Osaka, Japan), or dichlorobenzamil (DCB; Merck Sharpe & Dohme, Rahway, NJ), the electrical stimulation was maintained by increasing the amplitude of the pulses by 100%. Hypoxia and reoxygenation. Twenty minutes before induction of hypoxia, 5.5 mM dextrose in the solution was replaced with equimolar sucrose ( 18) . Then, hypoxia was induced by an abrupt change of solutions from one bubbled with a gaseous mixture of 95% 02/5% CO2 to one bubbled with 95% N2/5% CO2 (18, 19) . No other conditions were altered, including the temperature and the pH, during this exchange. After 20 min ofhypoxia, reoxygenation was accomplished by switching these solutions back to the control.
Statistics. Data are presented as mean±SD. Comparisons were made between parameters under control, hypoxia, and reoxygenation by Student's t test or by analysis of variance for repeated measures. Differences are considered significant at P < 0.05.
Results
Evidence for Na+/Ca2" exchange-dependent Ca"2 transient and contraction. The combination of pharmacological interventions substantially altered the pattern of the membrane potential, Ca?' transient, and isometric tension traces, as shown in Fig. 1 (top (12) . The action potential was also prolonged ( 14, 15 ). The addition of 1 X lo-5 M ryanodine significantly depressed the peak levels of tension and Ca?'. In addition, it delayed their time course. The Ca?' transient lost its spike-like pattern (20, 21) , and the tension and membrane potential showed marked prolongations. With 3 X 10-6 M verapamil, the tension and Ca?' transient were further depressed ( 12, 22 (bottom, left) . This condition was also associated with a shorter duration of the action potential, and the timing of repolarization was coincidental with the end of the ascending phase ofCa?' as observed in Fig. 1 period are summarized in Table I . During reoxygenation, the data acquisition was interrupted for 1 min during switching the superfusates. When the measurements were re-started, we consistently observed that the Ca"+ signals increased in peak amplitude and exceeded the control level before hypoxia (Fig. 3) .
Thus, there was a substantial increase in the peak Ca?' after reoxygenation. Despite this increase in Ca?', the biphasic pattern of the Ca?' signals was unchanged. That is, they consisted of ascending convex and descending concave curves and, although the time course was abbreviated by the shorter action potential, the peak was associated with the timing ofrepolarization. Data from 3 min after reoxygenation are summarized in ( 17, 23, 24) ; E is the membrane potential; R, T, and F have the usual thermodynamic meanings. The activity coefficients of Na' and Nat were assumed to be 0.7 (44) . See footnote 2 for more assumptions and discussion. As shown in Fig. 4 , we found that under our experimental conditions, the Na+/Ca2" exchange current might be outwardly directed during depolarization. This implies that the exchanger acts in the reverse mode for Ca2" loading during this period.
With repolarization, the current abruptly shifted to the inward direction; the forward mode of the exchanger acting to exclude Ca2" from the cytoplasm. The (63) , which might not significantly differ from the level at the exchangers' translocation site inside the sarcolemma ( 17, 20) . Except for the very early phase of depolarization when the action potential did still not reach the plateau, change in the level of Ca?' was very slow and smooth (as shown in Fig. 5 , the time constant of the descending phase was around 1 s, which is consistent with a recent report [39] ). Homogeneous (no oscillatory) distributions of Ca2+ through the cytosolic space (64) and their gradual change during depolarization under similar pharmacological interventions were also shown in several studies using the isolated single myocyte (20, 65) . Accordingly, during each 10-ms interval, we assumed the level ofCa?' to be constant; hence, the rapidly-accessible Ca2" buffers, such as troponin, calmodulin, or phosphocreatine (17, 37) , are equilibrated.
Then, the current during that period was estimated for a given set of Ca?', Nat, and the membrane voltage. It should be noted that such estimations could include substantial errors in a manner dependent on the rate ofCa?' change, and should not be applied to the control condition such as the left panel of Fig. 1 , in which Ca?' transients and their buffers underwent more dynamic changes. In addition, our assumption ofthe constancy ofthe Nat level during a cardiac cycle may not be consistent with a recent theory that Na+/Ca2+ exchange may predominantly access a discrete cation pool around the inner sarcolemma, in which the Nat level could be transiently increased by Na+ influx from the fast Na+ channels (26, 38, 66) . However, at least under the conditions in which the Ca2" influxes via the SR and sarcolemmal Ca2+ channels were blocked, INaCa was reported to be directly correlated with the level of space-averaged Ca?' and the membrane potential, but not with Nat (16, 17 The ohmic leak of Ca2" may also increase at the time of reperfusion, which might shift the resting Ca?' to higher levels.
However, this increase does not appear to explain the observed dynamic increase in Ca?', as discussed above.
Impaired Ca2" pump activity possibly causes an increase in Ca?' after reoxygenation. This possibility also does not fit the observed Ca?' pattern because Ca2" pump inhibition should further delay the Ca?' descent when it causes an increase in peak Ca?' (48) . Taken together, none of these subcellular functions appear to modulate the Ca?' transient towards the profile observed during reoxygenation. Besides, ifthese modulatory effects were activated by reoxygenation, they might increase the Ca?' levels even in the presence of Ni2+. However, this was not the case in our Ni2" study.
Recent studies have revealed evidence consistent with the concept that the Na+/Ca2" exchange carries ions via specific ion binding sites that operate in an asymmetrical manner between inside and outside the membrane (23, 55) . The thermodynamic equation proposed by DiFrancesco and Noble (43) may still be adaptable to these series of chemical reactions because the Na+/Ca2' exchange current is under dynamic control primarily by Ca?' (high affinity of the internal binding sites to Ca2+) and the membrane potential (electronegicity) ( 16, 17, 23, 24, 55) . From this equation, the changes in these two parameters that were shown during reoxygenation appear to favor Ca2' extrusion by the exchanger, since both increases in Ca?' and in the level of negativity of the resting potential increase the second term ofthe equation (inward current, thus, for Ca2' efflux) while decreasing the first term (outward current for Ca2+ influx). Therefore, changes in Ca?' and membrane potentials are not the direct driving forces for Ca2" loading during reoxygenation. Instead, they appear to activate the exchanger against the Ca?' excess in order to maintain the intracellular environment. The calculated exchange current and the net Ca2+ influx would be smaller during reoxygenation than those in the control state before hypoxia, if other parameters in the equation remain unchanged (Fig. 6, top) . However, there are several lines ofevidence suggesting that Nat, which is one of the parameters assumed to be a constant in the above discussion, might change during the course of ischemia/reper- fusion as well as during hypoxia/reoxygenation. Recent studies using NMR spectroscopy showed a three-to five-fold increase in Nat at the end of 20-min global ischemia in Langendorff preparations (33, 56) . In these studies, at the time of reperfusion, the Nat accumulation was abruptly shifted to a monoexponential decline towards the control level for over 10 min, demonstrating the reversal of the net Nat balance at the time of reperfusion. These observations not only provide supportive evidence for Nat excess during ischemia but also suggest a role of Na+/Ca2' exchange during reperfusion, because the Ca?' accumulation and Nat regression appear to be coincidental during this period. In studies of hypoxia, a time-dependent increase in Nat was shown using ion-selective microelectrodes ( 18, 47) . The level ofincrease was reported from 10 mM in controls to 19 mM during 25 min of hypoxia in the ferret ventricular muscle ( 18) . If a similar level of Nat loading were assumed to occur at reoxygenation in our study, the net Ca2+ CONTROL R the end of Ca2+ ascent, 984±64 ms) and the action potential (duration to 80% regression, 1,032±91 ms) appeared to be more prolonged than those observed in the ferret preparation (Table I) . Taken together, quantitative characteristics of the Na+/Ca2+ exchange current in the ferret ventricle should await future studies using the isolated single cell preparation; however, the difference between the ferret versus guinea-pig, if any, will probably not affect our conclusions. By a combination of pharmacological interventions, we modulated the subcellular functions of isolated ferret papillary muscle, in which the SR and the slow Ca2+ channels were blocked and Na+/Ca2' exchange was made to operate in the direction of Ca2+ loading throughout the depolarization period. Despite these modulations, all measurements of Ca?' transients, tension traces, and the action potentials, showed a pattern of change during hypoxia and reoxygenation that was consistent with control preparations (19, 32) . The tension trace especially, which represents the final outcome of the E-C coupling process, showed a significant decrease in peak values with an abbreviated time course during hypoxia. These changes were followed by a slow recovery with a prolonged relaxation during reoxygenation (62) . These findings suggest not only that our preparations were affected by hypoxia and reoxygenation but also that the subcellular functions remaining after drug intervention were much more essential as targets of hypoxia/reoxygenation than the functions deleted by it.
Hence, the role of Na+/Ca2" exchange for Ca2" influx and its modulation during reoxygenation presented in this study could not be interpreted as unusual findings under a specific pharmacological condition. Of interest, while the durations of Ca?' transients were abbreviated by the transition from hypoxia to reoxygenation, tension relaxation was prolonged after reoxygenation ( 19, 32, 62) . This discrepancy between Ca?' and tension time courses, however, is consistent with observations in previous hypoxia/reoxygenation studies in the intact ferret papillary muscle using aequorin ( 19, 21 ) or in the isolated rat single myocyte loaded with indo-1 (31 ) . Our data also provide evidence that the impaired relaxation that occurs during reoxygenation develops without SR dysfunction or other Ca?' handling disturbances. A reasonable conclusion from these studies is that the cause of tension prolongation during reoxygenation and reperfusion resides down-stream from Ca?' handling; namely, in the process of cross-bridge cycling (31) .
